Tumors comprise cancer stem cells (CSCs) and their heterogeneous progeny within a stromal microenvironment. In response to transforming growth factor-b (TGF-b), epithelial and carcinoma cells undergo a partial or complete epithelial-mesenchymal transition (EMT), which contributes to cancer progression. This process is seen as reversible because cells revert to an epithelial phenotype upon TGF-b removal. However, we found that prolonged TGF-b exposure, mimicking the state of in vivo carcinomas, promotes stable EMT in mammary epithelial and carcinoma cells, in contrast to the reversible EMT induced by a shorter exposure. The stabilized EMT was accompanied by stably enhanced stem cell generation and anticancer drug resistance. Furthermore, prolonged TGF-b exposure enhanced mammalian target of rapamycin (mTOR) signaling. A bitopic mTOR inhibitor repressed CSC generation, anchorage independence, cell survival, and chemoresistance and efficiently inhibited tumorigenesis in mice. These results reveal a role for mTOR in the stabilization of stemness and drug resistance of breast cancer cells and position mTOR inhibition as a treatment strategy to target CSCs.
INTRODUCTION
The cell heterogeneity of tumors is a major cause of problems in therapeutically interfering with cancer progression. Epithelial tumors, or carcinomas, comprise heterogeneous cancer cell populations, including cancer stem cells (CSCs), differentiated cancer cells, stromal cancer-associated fibroblasts, immune cells, and endothelial cells. CSCs are a small population of self-renewing cells with the ability to initiate tumor formation. In contrast to a linear model of CSC differentiation, epithelial cancer cells are now seen to have substantial differentiation plasticity (1, 2) . This plasticity allows a dynamic balance between dedifferentiated CSCs and differentiated cancer cells.
In carcinomas, dedifferentiation of cancer cells and generation of CSCs correlate with epithelial plasticity through a process called epithelialmesenchymal transition (EMT) (3) (4) (5) . As epithelial cells progress through EMT, they lose epithelial cell-cell contacts and apical-basal polarity, reorganize their cytoskeleton, and reprogram gene expression to enable, among many changes, increased deposition of extracellular matrix components and matrix metalloproteases (6) . EMT is essential in development and is repurposed in cancer progression to enable cancer cell invasion, contribute to cancer stroma formation, generate CSCs, and decrease sensitivity to anticancer drugs (7, 8) . EMT is thought of as a reversible process, whereby cancer cells that acquired mesenchymal properties can revert to an epithelial state through mesenchymal-epithelial transition (MET), which has been correlated with CSC differentiation. The epithelial plasticity is controlled by signals from the cancer microenvironment.
Among the many signals in the cancer microenvironment, transforming growth factor-b (TGF-b) signaling, which is commonly upregulated in carcinomas, often initiates and drives EMT of carcinoma cells (9) . Associated with EMT and perhaps best illustrated with breast carcinomas, TGF-b potently induces carcinoma cell invasion and CSC generation (10) . TGF-b signaling is initiated upon ligand binding to a cell surface complex of two TGF-b type II receptors (TbRII) and two TGF-b type I receptors (TbRI), which then activates the signaling effectors Smad2 and Smad3 through C-terminal phosphorylation (11) . The activated Smad proteins form complexes with Smad4 and regulate target gene expression through association with high-affinity DNA binding transcription factors at regulatory sequences (11, 12) . TGF-b-induced, Smad3/4-mediated gene expression drives the gene reprogramming that characterizes the EMT process, starting with activation of expression of EMT master transcription factors, such as Snail, ZEB1 and ZEB2, and Twist, and cooperation of Smad3/4 complexes with these transcription factors in driving EMT (6) . In addition to Smad signaling, TGF-b also activates phosphoinositide 3-kinase (PI3K)-AKT, extracellular signal-regulated kinase (ERK)-mitogenactivated protein kinase (MAPK), p38 MAPK, and Rho-guanosine triphosphatase pathways (11, 13) . Among these, TGF-b-induced signaling through the PI3K-AKT-mammalian target of rapamycin (mTOR) pathway is required for progression through EMT (14, 15) . Cell culture studies enable the dissection of the TGF-b-induced EMT program and documented its reversible nature upon TGF-b withdrawal (16) .
In breast cancer progression, the exposure of carcinoma cells to increased TGF-b signaling from either the carcinoma cells themselves or the stromal cells is not likely to be limited to a few days that would mimic the cell culture conditions used by most researchers. Because there is no evidence for marked TGF-b level changes within the tumor, it is logical to assume that the carcinoma cells are exposed to TGF-b for longer times (17, 18) . This raises the question whether prolonged exposure to TGF-b, rather than short-term exposure, as routinely performed in cell culture, allows the carcinoma cells to maintain the reversible character of EMT and may result in additional changes of relevance for cancer progression. In this study, we addressed this question using an established human mammary epithelial (HMLE) cell population and a derivative, H-Ras-transformed carcinoma cell population that have been previously studied (3, (19) (20) (21) . We found that prolonged TGF-b exposure stabilized the mesenchymal phenotype and enhanced the stemness and resistance to anticancer drugs, in contrast to and beyond what is seen in reversible EMT after short-term TGF-b exposure. Reversible EMT and stabilized EMT contributed differently to tumorigenesis and dissemination in vivo. Stabilized EMT is suggested to contribute more to tumor latency and persistence and less to cancer dissemination, which is strongly enhanced by reversible EMT. We also found that the carcinoma cells, after prolonged exposure to TGF-b, have activated mTOR complex 1 and complex 2 (mTORC1 and mTORC2) signaling. The stem cell characteristics and increased cancer drug resistance accompanying stabilized EMT could no longer be efficiently inhibited by blocking Smad signaling yet were fully reversed by mTOR inhibition using a novel bitopic mTOR inhibitor, which efficiently inhibited tumor growth in mice. These results illustrate the transition from reversible EMT into a stabilized EMT phenotype, which may add more roles of TGF-b-induced EMT in cancer progression than we previously understood. They also reveal a role of enhanced mTOR signaling in the stabilization of stemness and drug resistance of breast cancer cells, thereby suggesting a basis for therapeutic interference with mTOR signaling.
RESULTS

Prolonged exposure to TGF-b stabilizes a mesenchymal state in mammary epithelial cells
To characterize the effects of prolonged TGF-b exposure on epithelial plasticity, we used HMLE cells, an immortalized cell population derived from primary cells that is well studied to correlate stem cell properties with EMT (3, 19, 20) . In these cells, TGF-b induced EMT over a period of 9 to 12 days, which was apparent from the change in cell shape, actin stress fiber formation, loss of E-cadherin at cell-cell contacts, and increased fibronectin deposition. These cells readily reverted to the epithelial phenotype when TGF-b was subsequently removed (Fig. 1A, left) . Treatment with TGF-b for 24 days stabilized the EMT phenotype; thus, cells retained their mesenchymal state after subsequent removal of TGF-b for 12 days (Fig. 1A, right) . They maintained their changed morphology; the increased expression of EMT transcription factors Snai1, Snai2, ZEB1, and ZEB2, as well as mesenchymal N-cadherin, fibronectin, and vimentin; and the decreased expression of E-cadherin (Fig. 1, B and C, and fig. S1A ). A partial reversion was, however, apparent when the cells were treated for 12 days with the TbRI kinase inhibitor SB431542 (Fig. 1, A to C, and fig. S1A ). Exposure of the cells to a neutralizing anti-TGF-b monoclonal antibody for 12 days after they were treated with TGF-b for 24 days also partially reversed the mesenchymal phenotype ( fig. S1 , B and C), albeit less efficiently than SB431542, suggesting autocrine TGF-b signaling in close association or perhaps even inside the cells.
Prolonged TGF-b exposure also stabilized the EMT of mouse mammary epithelial NMuMG cells, a nontransformed, immortalized cell line that is commonly used to study TGF-b-induced EMT and the underlying signaling mechanisms (16) . Similar to HMLE cells, TGF-b induced reversible EMT in NMuMG cells, albeit over a shorter period of 2 days, whereas treatment of the cells with TGF-b for 8 days stabilized the EMT ( fig. S1 , D to F). These data illustrate that long-term treatment of mammary epithelial cells with TGF-b confers a mesenchymal phenotype that no longer depends on externally added TGF-b.
Prolonged TGF-b exposure stabilizes a stem cell-like state EMT and acquisition of mesenchymal characteristics have been shown to correlate with the generation of epithelial and carcinoma stem cells (3, 5) . We therefore evaluated in HMLE cells the effect of prolonged TGF-b exposure on the generation of stem cells in relation to EMT. TGF-b treatment for 12 days, which induces reversible EMT (Fig. 1, A to C) , induced the expression of the mammary epithelial stem cell marker gene CD44 ( Fig. 2A) and increased the relative abundance of the stem cell-enriched CD44 high CD24 low cell population (Fig. 2, B and C) . Subsequent removal of TGF-b for 12 days resulted in decreased CD44 expression and a decrease in the CD44 high CD24 low cell population, consistent with a reversible induction. TGF-b treatment for 24 days, however, stabilized the increased CD44 expression and relative size of the CD44 high CD24
low stem cell population because they did not decrease after removal of TGF-b for 12 days (Fig. 2, A to C) . Furthermore, the stabilization resulted in a larger CD44 high CD24
low stem cell population than what was seen in response to the 12-day TGF-b treatment (Fig. 2, B and C) . Stabilization of stem cell characteristics was also apparent in the maintained induction of NANOG and POU5F1 (encoding the transcription factor Oct4), as well as SOX2 expression, which were expressed at substantially higher amounts at 24 days of TGF-b treatment than in cells treated for 12 days. Although removal of added TGF-b had little if any effect, SB431542 treatment for 12 days attenuated the stem cell marker expression and percentage of CD44 high CD24 low cells after long-term treatment with TGF-b (Fig. 2 , A to C).
To further assess their self-renewal and differentiation capacities, we evaluated the short-term and long-term TGF-b-treated HMLE cells in mammosphere formation assays. These assays score growth in suspension, starting from a single cell, and correlate with the presence of mammary epithelial stem cells (22) . Short-term (12 days) TGF-b treatment induced a reversible increase in primary and secondary mammosphere formation (Fig. 2, D and E). Cells treated long term (24 days) with TGF-b also showed increased mammosphere formation, which, however, remained unchanged when subsequently cultured without TGF-b for 12 days before the assay. SB431542 treatment after long-term TGF-b treatment partially reduced the generation of mammospheres (Fig. 2, D and E) .
Because TGF-b has been shown to induce the expression of TGF-b1 and TGF-b2 (23), we evaluated whether the stabilization of EMT and stem cell phenotype resulted from increased TGF-b expression. Transcript expression for TGF-b1 and TGF-b2 was transiently increased in response to TGF-b treatment but decreased after TGF-b removal, whereas that of TGF-b3 remained largely unchanged ( fig.  S2 ). These data indicate that increased TGF-b expression does not explain the persistence of EMT and stem cell characteristics after removal of TGF-b. Together, these data show that prolonged TGF-b treatment enhanced the population of cells with stem cell-like properties to an extent above that seen with short-term treatment and stabilized the stem cell phenotype to become independent of external TGF-b.
Prolonged TGF-b exposure stabilizes the mesenchymal phenotype of breast cancer cells To examine whether our findings on EMT stabilization in nontransformed epithelial cells could be extended to breast carcinoma cells, we transformed HMLE cells with oncogenic H-Ras (G12V), thus generating HMLER cells (21) . When grown to confluence, HMLE cells formed a monolayer with contact inhibition. In contrast, HMLER cells showed impaired contact inhibition, and cells piled up intermittently (Fig. 3A) . Without adding TGF-b, HMLER cells showed some mesenchymal characteristics, apparent from their cell morphology and the expression of both epithelial and mesenchymal markers (Fig. 3, B to D,  and fig. S3A ). SB431542 treatment for 6 days resulted in repression of the mesenchymal characteristics and conferred pronounced epithelial characteristics in these cells (Fig. 3, B to D, and fig. S3A ), indicating that Ras-induced EMT depends on autocrine TGF-b signaling.
In these cancer cells, addition of TGF-b for 2 days was sufficient to induce EMT, which was reversed toward a mild epithelial phenotype when TGF-b was removed for 6 days, and a more pronounced epithelial phenotype after SB431542 treatment for 6 days (Fig. 3, B to D, and fig.  S3A ). Twelve days of TGF-b treatment stabilized the mesenchymal state, and this phenotype was maintained after removing TGF-b for 6 days (Fig. 3, B to D, and fig. S3A ). Consistent with the EMT phenotype,
Fibronectin ( , followed by its removal, and then cultured with or without SB431542 for 12 days. The cells were observed by phase-contrast microscopy or subjected to staining for E-cadherin, fibronectin, F-actin, or 4′,6-diamidino-2-phenylindole (DAPI). Scale bars, 50 mm. Images are representative of three independent experiments. (B and C) HMLE cells were treated with TGF-b, followed by its removal as in (A), and were then cultured without TGF-b (Rem) or with SB431542 (SB) for 12 days. The expression of epithelial and mesenchymal markers was analyzed by immunoblotting (B) or quantified by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and normalized to rPL19 mRNA (C). Data are means ± SE from n = 3 independent experiments. *P < 0.05 and **P < 0.01, by a Dunnett's test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. S3 , B and C). Treatment of these stabilized cells with SB431542 for 6 days mildly repressed the mesenchymal phenotype and promoted differentiation toward epithelial characteristics (Fig. 3, B to D, and fig. S3A ). We conclude from these data that Ras-mediated transformation confers a partial EMT, dependent on TGF-b signaling, and that prolonged exposure of these transformed cells to TGF-b resulted in enhanced EMT that no longer depended on exogenous TGF-b, as seen with nontransformed epithelial cells. Our observation is consistent with the reported cooperation of Ras and TGF-b in modulating epithelial plasticity (24) (25) (26) .
Prolonged TGF-b exposure promotes anticancer drug resistance Because EMT has been correlated with increased resistance to some anticancer drugs (8), we evaluated the anticancer drug sensitivity of HMLER cells that had been exposed to TGF-b for 2 or 12 days. Cells were treated with increasing amounts of doxorubicin, cisplatin, or cyclophosphamide, which resulted in reduced cell viability (Fig. 4 , A to C). HMLER cells that were treated with TGF-b for 2 days were slightly less sensitive to these drugs than cells that were not treated with TGF-b. In contrast, long-term TGF-b treatment substantially decreased the sensitivity of the cells to doxorubicin, cisplatin, or cyclophosphamide, resulting in increased cell viability in the presence of the drugs (Fig. 4 , A to C). Long-term TGF-b treatment also increased the resistance to 5-fluorouracil and paclitaxel, although the differences between short-term versus long-term treatment with TGF-b were less notable (fig. S4, A and B). The increased survival of cells with stabilized EMT in these assays did not result from increased cell proliferation. These cells showed a lower proliferation rate, both in the presence or absence of TGF-b, than the two other cell populations ( fig. S4C ). We therefore conclude that EMT stabilization is accompanied by resistance to the tested anticancer drugs to an extent that far exceeds the resistance induced by short-term TGF-b treatment. In contrast to the partial inhibition of EMT marker expression by SB431542 (Fig. 3 , A to C), blocking TGF-b signaling using SB431542 only slightly reduced the resistance of cells with stabilized EMT to doxorubicin, cisplatin, or cyclophosphamide ( (Fig. 4) . Thus, stabilization of EMT in the Ras-transformed cells enhanced the fraction of cells with stem cell characteristics and stabilized the stem cell-like phenotype so that it no longer requires exogenous TGF-b.
The TGF-b-induced mesenchymal state controls tumorigenesis We next evaluated the effects of short-term versus long-term TGF-b treatment, resulting in reversible versus stabilized EMT, respectively, on the tumorigenic potential of HMLER cells. We first evaluated their colony formation ability in soft agar, which generally correlates with tumorigenesis (27) . Short-term TGF-b treatment enhanced the colony formation, and this increase was reversible (Fig. 5E ). Long-term TGF-b treatment enhanced the colony formation to a similar extent as that seen in cells treated with TGF-b for only 2 days. However, in contrast to the short-term TGF-b-treated cells, the increased colony-forming ability was stabilized, meaning it did not revert after removal of TGF-b, and was only mildly decreased when cells were treated with SB431542. This increase in colony formation after long-term TGF-b treatment did not result from increased proliferation, as the cells showed decreased proliferation ( fig. S4C ). Rather, as has been established, colony formation in soft agar reflects increased anchorage independence and anchorageindependent survival and predicts in vivo tumorigenesis (28) .
To evaluate and compare the tumorigenesis of short-term or longterm TGF-b-treated cells, we performed limiting dilution experiments with a small number of cancer cells orthotopically injected into mammary fat pads of NOD/SCID/IL2rg null (NSG) mice. At 3 months after orthotopic injection, cells subjected to long-term TGF-b treatment showed a decreased ability to seed tumors compared with untreated or short-term TGF-b-treated cells (Fig. 5F ). However, they formed tumors at 6 months after orthotopic injection, thus reflecting an increased latency period (Fig. 5F ). Tumors established from untreated, short-term TGF-b-treated, and long-term TGF-b-treated cells showed similar morphology with heterogeneous carcinoma cells, when examined histologically by hematoxylin and eosin (H&E) staining ( fig. S5A) .
To assess the dissemination and colonization of the HMLER cells, we injected cells that were untreated or treated with TGF-b for 2 or 12 days into the tail vein of NSG mice. HMLER cells treated with TGF-b for 2 days showed strongly increased lung colonization, assessed by numbers of lung tumor nodules (Fig. 5G and fig. S5B ). Stabilization of EMT by prolonged TGF-b exposure resulted in a lower ability to colonize compared to cells with a reversible mesenchymal state after 2 days of TGF-b treatment. These differences suggest that induction of a reversible EMT phenotype facilitates the dissemination and seeding to give rise to lung nodules. The abundance of Ki67-expressing, proliferating cells was similar in tumors derived from untreated and short-term TGF-b-treated HMLER cells and seemed to be lower in tumors derived from cells after long-term TGF-b treatment ( fig. S5C ). The tumors that originated from untreated, short-term, and long-term TGF-b-treated HMLER cells all contained heterogeneous tumor cells, with some of them expressing E-cadherin and some expressing vimentin ( fig. S5C ). These results suggest that cells with stabilized EMT may need to undergo MET to colonize the lung and establish tumors. Hence, as suggested by our data, the lower ability of cells with stabilized EMT to colonize, compared to cells with reversible EMT, may derive from an impaired ability to undergo MET.
Prolonged TGF-b treatment does not stabilize Smad3 activation in breast cancer cells We next addressed changes in TGF-b signaling that accompany stabilization of the mesenchymal state and stemness, and the increased cancer drug resistance, to find out why the stabilized phenotype is not fully inhibited when TGF-b/Smad signaling is blocked. Because SB431542 attenuated the stabilized mesenchymal state toward an epithelial state, we first assessed the activation of TGF-b signaling through Smad2 and Smad3. C-terminal phosphorylation, and thus activation, of Smad2 and Smad3 was enhanced in HMLER cells treated with TGF-b for 2 or 12 days. With either treatment, removal of TGF-b for 6 days decreased the Smad2 and Smad3 activation to an amount comparable to autocrine TGF-b stimulation in control cells, and that amount was further decreased by SB431542 (Fig. 6A  and fig. S6A ). Consistent with the reversibility of Smad3 activation, short-term and long-term TGF-b treatment activated the expression of direct TGF-b/Smad3 target genes encoding plasminogen activator inhibitor-1 (PAI1) or Smad7, and their up-regulation was not stabilized (Fig. 6B ). The activation of the genes encoding the cyclin-dependent kinase (CDK) inhibitors CDKN1A/p21
Cip1 and CDKN2B/p15 The cells were then incubated with doxorubicin (A), cisplatin (B), or cyclophosphamide (C) for 48 hours at the concentrations indicated, and the cell viability was quantified and shown relative to the cells not treated with anticancer drugs. Right: The cells were cultured for 48 hours with 250 nM doxorubicin (A), 250 mM cisplatin (B), or 10 mM cyclophosphamide (C), and the cell number was quantified and shown relative to the cells not treated with anticancer drugs. Data are means ± SE from n = 3 independent experiments. *P < 0.05 and **P < 0.01, by a Tukey's test. (D to F) HMLER cells were treated with or without TGF-b for 12 days and then cultured for 6 days with SB431542 or dimethyl sulfoxide (DMSO) solvent as a control. The cells were then cultured for 48 hours with 250 nM doxorubicin (D), 250 mM cisplatin (E), or 10 mM cyclophosphamide (F), and the cell number was quantified and shown relative to the cells not treated with anticancer drugs. Data are means ± SE from n = 3 independent experiments. *P < 0.05 and **P < 0.01, by a Tukey's test. independent experiments. **P < 0.01, by a Dunnett's test. (C and D) HMLER cells were treated as in (A) and were assessed for mammosphere formation. The mammospheres were observed by phase-contrast microscopy (C) and counted (D). Scale bar, 100 mm. Data are means ± SE from n = 3 independent experiments. *P < 0.05 and **P < 0.01, by a Dunnett's test. (E) HMLER cells were treated as in (A) and assessed for colony formation in soft agar. Data are means ± SE from n = 3 independent experiments. *P < 0.05 and **P < 0.01, by a Dunnett's test. (F) HMLER cells were treated with TGF-b for 0, 2, or 12 days and then suspended in phosphate-buffered saline (PBS) with 50% Matrigel, and 10,000 cells were injected orthotopically into a mammary fat pad of NSG mice. The number of mice with a palpable tumor is indicated in the table. (G) HMLER cells were treated with TGF-b for 0, 2, or 12 days and then suspended in PBS, and 500,000 cells were injected into the tail vein of NSG mice. Six weeks after injection, the mice were euthanized, and lungs were harvested. Cancer dissemination into the lungs was measured by counting the tumor nodules in the lungs. Data are means ± SE from n = 3 independent experiments with n = 7 mice. **P < 0.01, by a Dunnett's test.
and repression of that encoding the transcription factor c-Myc, which are also direct TGF-b/Smad3 target genes and control cell proliferation, was similarly reversible (Fig. 6B) . Expression of transcripts encoding TGF-b1 and TGF-b2 was transiently increased with TGF-b treatment and decreased after TGF-b removal, whereas expression of the transcript encoding TGF-b3 did not change ( fig. S6B ). These results suggest that the stabilization of the mesenchymal and stem cell phenotypes did not arise from differences in Smad activation and did not merely depend on continuously enhanced autocrine TGF-b signaling through Smad activation.
To , when compared with cells that were not treated with TGF-b (Fig. 6C and fig. S6E ). When cells treated with TGF-b for 2 days were cultured in medium lacking TGF-b or containing SB431542, thus reversing the mesenchymal state, AKT activation was decreased to the basal abundance seen in unstimulated cells. In contrast, in cells with a stabilized mesenchymal phenotype, removal of TGF-b after 12 days of TGF-b treatment did not decrease AKT activation to the basal abundance but conferred only a partial reduction of AKT phosphorylation at Thr 308 and Ser 473 ( Fig. 6C and fig. S6E ); however, treatment with SB431542 after 12 days of TGF-b treatment further reduced AKT activation (Fig. 6C and fig. S6E ). The cells with a stabilized mesenchymal state also showed increased phosphorylation of the mTORC1 target p70 ribosomal protein S6 kinase 1 (S6K1) and the S6K1 target S6, as well as a strong increase in the phosphorylation of the mTORC1 target eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1), and maintained this activation after removal of TGF-b (Fig. 6C and fig. S6E ). The phosphorylation of mTOR, however, was not or was minimally increased. Prolonged TGF-b treatment also enhanced mTORC2 activation, as apparent from enhanced phosphorylation of AKT at Ser
473
, and enhanced phosphorylation of N-Myc downstream-regulated gene 1 (NDRG1), a substrate of the mTORC2 target serum-and glucocorticoid-induced protein kinase 1 (Fig. 6C  and fig. S6E ). As with the mTORC1 activation and other parameters of stabilized EMT, withdrawal of TGF-b for 6 days resulted in only a mild, if any, attenuation of mTORC2 activity. Prolonged SB431542 treatment inhibited the activation of mTORC1 and mTORC2 targets more strongly (Fig. 6C and fig. S6E ). Last, consistent with our previous report that activation of AKT-mTOR signaling in TGF-b-induced EMT results in increased protein content and cell size (15) , long-term TGF-b-treated HMLER cells showed increased total protein abundance (Fig. 6D) . Together, our data strongly suggest that the stabilized mesenchymal phenotype of HMLER cells induced by prolonged TGF-b stimulation not only increases Smad3 activation that is reversed on TGF-b withdrawal but also, more notably, increases activation of AKT, mTORC1, and mTORC2 that is resilient to removal of TGF-b.
Inhibition of mTOR signaling in cells with stabilized EMT suppresses the CSC phenotype Because cells with stabilized mesenchymal and stem cell phenotypes showed up-regulated AKT-mTOR signaling and inhibition of Smad3 activation only moderately reversed these cells to an epithelial phenotype, we next focused on the role of AKT-mTOR signaling in the stabilization of mesenchymal and CSC-like states. We treated HMLER cells with TGF-b for 12 days and then with pharmacological inhibitors for 6 days and assessed their effects on the mesenchymal and stem cell characteristics. AKT signaling was inhibited with the AKT kinase inhibitor MK2206, whereas mTOR signaling was inhibited using MLN0128, an adenosine 5′-triphosphate-competitive mTOR kinase inhibitor, or RapaLink-1, a novel bitopic mTOR inhibitor that links MLN0128 to rapamycin and is more potent than either rapamycin or MLN0128 alone (32). As shown above (Fig. 6C) , withdrawal of TGF-b for 6 days in the absence of inhibitor did not decrease the increased AKT and mTOR target activation (Fig. 7A and fig. S7A ). MK2206 inhibited AKT phosphorylation at Thr 308 and Ser
and reduced the phosphorylation of S6K1, S6, and 4EBP1, which are downstream targets of the AKT-mTORC1 pathway (Fig. 7A  and fig. S7A ). MLN0128 and RapaLink-1 did not inhibit AKT phosphorylation at Thr 308 but strongly inhibited the phosphorylation of AKT-Ser 473 , S6K1, S6, and 4EBP1 ( Fig. 7A and fig. S7A ), consistent with their ability to inhibit both mTORC1 and mTORC2 (32) . Inhibition of AKT-mTOR signaling with either inhibitor did not change the morphology of the long-term TGF-b-treated cells (Fig. 7B) , consistent with our observations that mTORC1 or mTORC2 inhibition does not affect the mesenchymal morphology of cells undergoing EMT (14) . In addition, these three inhibitors did not attenuate the EMT-associated changes in expression of the epithelial and mesenchymal markers and EMT transcription factors that were tested (Fig. 7,  A and C, and fig. S7B ).
We next studied the effects of these inhibitors on the stabilization of stem cell state. The mTOR inhibitors MLN0128 and RapaLink-1 reduced the CD24 low CD44 high stem cell population of HMLER cells treated with TGF-b for 12 days, whereas the AKT inhibitor MK2206 was less effective (Fig. 7D) . We also examined the effect of these inhibitors on mammosphere formation of long-term TGF-b-treated cells. MLN0128 and RapaLink-1 efficiently reduced the mammosphere formation to an amount similar to that of HMLER cells that were not treated with TGF-b (Fig. 7E) . MK2206, however, showed a much milder inhibition, suggesting that inhibition of AKT signaling alone is not sufficient to inhibit the stem cell-like phenotype of long-term TGF-btreated cells (Fig. 7E) . Considering the target specificities of these inhibitors, these results show that the increased mTOR signaling is required for the maintenance of the stabilized CSC phenotype and that inhibition of mTOR is much more efficient than inhibition of AKT in repressing the stem cell phenotype. mTOR inhibition reduces cell viability and cancer drug resistance of cells with stabilized EMT Because stabilized EMT is characterized by enhanced mTOR activation and stem cell characteristics and mTOR inhibition repressed
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the CSC phenotype, we tested whether blocking mTOR also inhibits tumor cell survival. We compared the mTOR inhibitor RapaLink-1, which potently inhibits mammosphere formation, and the AKT inhibitor MK2206. RapaLink-1 inhibited the anchorage-independent colony formation of HMLER cells with a stabilized mesenchymal phenotype to a level that was comparable to that of cells that were not treated with TGF-b. In contrast, MK2206 had only a low ability to inhibit anchorage-independent colony growth (Fig. 8A) . The relative effects of these two inhibitors resembled those in the mammosphere assay (Fig. 7E) . RapaLink-1 moderately and partially decreased the colony formation of untreated cells and short-term TGF-b-treated cells ( fig. S8 ).
RapaLink-1 was also more efficient than MK2206 in reducing the viability of HMLER cells. Using cells that were not treated with TGF-b or treated with TGF-b for 2 days, MK2206 mildly reduced the proliferation of HMLER cells, whereas RapaLink-1 was slightly more effective than MK2206 (Fig. 8B) their viability to about 30%, whereas the effect of MK2206 was less (Fig.  8B) . These results suggest that the increased mTOR pathway activation seen in cells with a stabilized mesenchymal phenotype makes the cells more sensitive to mTOR inhibition by RapaLink-1. Therefore, mTOR inhibition may be used to target the breast cancer cells with stabilized EMT that are enriched in stem cells and show increased cancer latency. Given that long-term TGF-b treatment increased the resistance to anticancer drugs (Fig. 4, A to C, and fig. S4, A and B) , we also tested the effects of MK2206 or RapaLink-1 on the increased resistance of HMLER cells with stabilized EMT to anticancer drugs. After treatment with TGF-b for 12 days, MK2206 had little or no effect on the resistance of the cells to doxorubicin, cisplatin, or cyclophosphamide (Fig. 8C) . In contrast, RapaLink-1 strongly increased the sensitivity to these anticancer drugs (Fig. 8C) . These data strongly suggest that the increased drug resistance of HMLER cells after long-term TGF-b treatment results from increased mTOR activity and illustrate that inhibiting mTOR activity represses the resistance to a level that is comparable to that of cells that were not treated with TGF-b.
Inhibition of mTOR signaling reduces the tumorigenicity of cells with stabilized EMT
To examine the effect of mTOR inhibition on tumor formation in vivo, we used the orthotopic implantation model of HMLER cells that we used above (Fig. 5F ) but with a greater number of injected cells to enhance tumorigenesis. Immunostaining of tumors derived from HMLER cells that were treated with TGF-b for 12 days showed activation of mTOR, apparent through staining for phospho-AKT-Ser 473 and phospho-4EBP1, and Smad3 activation, assessed by phospho-Smad3 staining (Fig. 8D) . Tumors derived from untreated HMLER cells or HMLER cells treated with TGF-b for only 2 days also showed some mTOR and Smad3 activation, suggesting TGF-b activity in the tumor (Fig. 8D) .
To test the effect of mTOR inhibition in vivo, we administered RapaLink-1 to mice orthotopically injected with long-term TGF-btreated cells, starting at day 8 after injection of the tumor cells. We compared the tumor size progression in the inhibitor-and vehicletreated mice. RapaLink-1 treatment resulted in almost complete inhibition of tumor formation (Fig. 8, E and F) . Histological examination of H&E-stained samples revealed no detectable tumor cells at the site of injection in five of six mice treated with RapaLink-1 (Fig. 8G) . Furthermore, immunohistochemistry revealed that the mTORC1-mediated 4EBP1 phosphorylation was substantially reduced in the residual tumor stroma of RapaLink-1-treated mice, when compared to untreated tumors (Fig. 8H) , which is consistent with the potent inhibition of mTORC1 by RapaLink-1. AKT phosphorylation at Ser 473 was mildly reduced in RapaLink-1-treated mice (Fig. 8H) , consistent with the less effective mTORC2 inhibition by RapaLink-1 in vivo (33) . We therefore conclude that the up-regulation of AKT-mTOR signaling in cells with stabilized mesenchymal and stem cell phenotypes renders the cells sensitive to mTOR inhibition, enabling RapaLink-1 to greatly affect tumor progression.
DISCUSSION
To interfere with cancer progression, it is essential to understand the heterogeneity of cancer cells, their interactions with stromal cells, and the signaling networks that control their differentiation plasticity. At the basis of the heterogeneity among carcinoma cells is the epithelial plasticity that allows the cells to lose epithelial characteristics and reprogram their organization and gene expression and thus partially or substantially resemble mesenchymal cells. That EMT is reversible has been concluded on the basis of cell culture and in vivo observations and is apparent by the reversion of TGF-b-induced EMT toward the epithelial phenotype when TGF-b is removed or TGF-b/Smad signaling is blocked after a few days (16) . Given that, in the context of breast cancer, carcinoma cells are continuously exposed to increased levels of activated TGF-b, we investigated whether exposure to TGF-b for longer times than a few days would maintain the reversible nature of EMT. Using mammary epithelial and carcinoma cells as models, we found that prolonged TGF-b treatment stabilized EMT, rendering the phenotype independent of added TGF-b.
Very few studies have examined EMT resulting from sustained TGF-b treatment (34, 35) . In one study, TGF-b treatment of nontransformed NMuMG cells for 2 to 3 weeks gave rise, after substantial cell death, to a cell population with a mesenchymal phenotype and suppressed Smad activation that correlated with resistance to TGFb-induced growth inhibition. These changes were reversed after removal of TGF-b (34, 35) . Another study found that prolonged exposure of NMuMG cells to TGF-b leads to an attenuated mesenchymal morphology that is suggestive of autophagy (36) . These observations differ from our results using NMuMG cells and did not address how changes in EMT phenotype induced by prolonged TGF-b exposure contribute to the stem cell phenotype, anticancer drug resistance, and cancer progression. Here, we found that stabilized EMT confers a stable and enhanced stem cell-like state of breast cancer cells and increases their resistance to anticancer drugs. Our findings support the existence of multiple EMT states that differentially contribute to cancer progression.
In contrast to reversible EMT, SB431542 or neutralizing anti-TGF-b antibody only partially reversed the stabilized EMT phenotype, suggesting changes in underlying signaling. Specifically, blocking TGF-b signaling was not effective at suppressing the CSC characteristics and cancer drug resistance. EMT is accompanied by epigenetic changes, and stabilization of the mesenchymal phenotype may result from such changes induced by TGF-b signaling. Epigenetic regulation of initiation or maintenance of EMT has been documented (37) . The methyltransferases G9a, EZH2, SUV39H1, and SETDB1 are required for and epigenetically control TGF-b-induced EMT of mammary epithelial and carcinoma cells (38) (39) (40) (41) . Furthermore, the maintenance of the mesenchymal phenotype requires autocrine TGF-b signaling to drive sustained ZEB expression and DNA methylation of the microRNA-200 locus that regulates ZEB expression (42) . Our observations raise the questions how reversible and stabilized EMT differ epigenetically and how TGF-b-mediated EMT itself is required for stem cell formation and drug resistance. HMLEs represent a pool of cells with epithelial and mesenchymal traits (3); further analyses of different subpopulations may help address these questions.
Our data reveal that reversible EMT and stabilized EMT confer different cancer cell properties. In carcinomas, EMT presents itself with intermediate states, rarely reaching full mesenchymal differentiation (7). Partial or complete EMT allows for cancer cell migration and invasion, enabling cancer dissemination (43) , and is linked to CSC generation and decreased anticancer drug sensitivity (5, 8) . Whether EMT facilitates metastatic colonization is subject of discussion, which may relate to a simplistic view of the metastasis process after cell dissemination and a perception of EMT that does not take into account the diversity of partial and transitional EMT stages.
We found that in both nontransformed and transformed epithelial cells, the reversible EMT transitioned with continued TGF-b exposure into a stabilized EMT that no longer depends on added TGF-b.
In addition, Ras-mediated transformation facilitated the EMT response to TGF-b, resulting in a more rapid response, which may reflect the cooperation of Ras-ERK MAPK signaling with TGF-b/Smad signaling. It should be noted that the plasticity response resulting from enhanced Ras activity is reversed by SB431542 and thus depends on TGF-b/Smad signaling.
Reversible EMT and stabilized EMT endow the cells with different properties. The changes in phenotype and gene expression that Mice were euthanized at 6 weeks after injection, and tumors or residual stroma at the site of injection were harvested and photographed (F), and sections were stained by H&E (G) or with antibodies to 4EBP1-pThr 37/46 and AKT-pSer 473 (H). Scale bars, 500 mm (G) and 50 mm (H). Images are representative of the cohort [in (G) and (H), the RapaLink-1 sections were from normal tissue and remaining stroma at the site of injection], and data are means ± SE from n = 6 mice. **P < 0.01 versus vehicle, by a Student's t test.
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classically define EMT are similar in cells with reversible EMT and those with stabilized EMT. In contrast, stabilization of EMT in the Ras-transformed cells increased the resistance to anticancer drugs to a much higher level than what was seen with reversible EMT and enhanced and stabilized the stem cell-like properties. In addition, reversible EMT was accompanied with enhanced lung colonization, whereas sustained TGF-b exposure resulted in a lower increase in lung colonization, when compared to reversible EMT. These observations suggest that EMT stabilization prolongs latency and persistence of cancer cells in vivo, which correlates with increased stemness and drug resistance. These results are reminiscent of the lack of metastatic outgrowth from cells with mesenchymal traits (44, 45) and consistent with the chemoresistance associated with EMT in studies that found a limited contribution of EMT to experimental metastasis (46, 47) . Our observations suggest that reversible EMT and stabilized EMT have different roles in cancer progression. Stabilized EMT may contribute to tumor latency and persistence, which correlates with strongly enhanced CSC generation and anticancer drug resistance, whereas reversible EMT strongly enhances dissemination and metastasis. These findings add new insights for understanding the roles of EMT in cancer progression and metastatic colonization. Our study further reveals that mTOR's role in stabilized EMT provides an opportunity to effectively target epithelial plasticity in cancer progression. We have previously reported that TGF-b-induced activation of mTORC1 is required for EMT-associated cell migration and invasion (15) and that mTORC2 activation is required to complete EMT (14) . Stabilized EMT was accompanied by increased AKT, mTORC1, and mTORC2 activation, at higher levels than those seen in the context of reversible EMT. As in cells with reversible EMT, SB431542 fully repressed the activation of Smad3 and TGF-b/Smad3 target genes in cells with stabilized EMT. Furthermore, SB431542 completely inhibited the EMT-associated cell shape change and marker gene expression in cells with reversible EMT and only partially in cells with stabilized EMT. In contrast, the acquisition of stem cell properties and cancer drug resistance, which are enhanced with EMT stabilization, was less susceptible to inhibition of TGF-b/Smad signaling. Conversely, mTOR inhibition in cells with stabilized EMT did not reverse the mesenchymal cells to the epithelial morphology but repressed the increased stem cell generation and cancer drug resistance that associate with stabilized EMT. SB431542 repressed mTORC1 and mTORC2 activation only partially, consistent with its inability to block TGF-b-induced AKT activation in a cancer cell line (48) . These findings reinforce the proposed cooperation of AKT-mTOR signaling with TGF-b/Smad signaling in EMT (14, 15) and highlight the role of up-regulated mTOR signaling in increasing and stabilizing the CSC phenotype and resistance to anticancer drugs. Our observations also illustrate the different roles of Smad and mTOR signaling downstream from TGF-b in stabilizing EMT and stemness and suggest that cancer drug resistance and stemness are not merely associated with EMT but require additional signaling and/or epigenetic changes.
The established notion of reversible EMT in response to TGF-b has invited studies of TbRI kinase inhibitors to inhibit epithelial plasticity in cancer progression (49) . Many studies have been unsuccessful, likely due to poor pharmacokinetics, requiring impractically frequent dosing, and difficulties to stably repress TGF-b-induced Smad activation in vivo. Moreover, the pleiotropic nature of TGF-b/Smad signaling and concerns of anticipated tumor suppression and promotion effects raise the desire to inhibit an alternative pathway. Our findings that long-term exposure to TGF-b stabilizes EMT and CSC properties, that inhibition of TGF-b/Smad signaling only partially inhibits the stabilized EMT phenotype, and that up-regulated mTOR activity helps stabilize the CSC properties invited an evaluation of the effects of mTOR inhibition. Inhibition of mTOR suppressed the anchorage independence, viability, and anticancer drug resistance of cancer cells with stabilized EMT. Consistent with previous observations (32, 33) , RapaLink-1 was more effective than MLN0128. Thus, in contrast to cells with reversible EMT, the increased mTOR activation that associates with stabilized EMT and stemness renders the cells more sensitive to mTOR inhibition by RapaLink-1. However, inhibition of AKT had only a minimal effect on anchorage independence, which correlates with tumorigenesis and is consistent with the minimal effects of blockade of PI3K or AKT on mTOR activity in some cancers (50) . Consistent with our results that mTOR inhibition reduces chemoresistance, mTOR activation was shown to correlate with increased resistance to inhibitors of BRAF-MAPK kinase-ERK MAPK and PI3K signaling, as well as CDK inhibitors (51) . In gliomas, mTORC2 activation was correlated with resistance to cisplatin and temozolomide (52, 53) .
Consistent with its effects on stem cell characteristics and cell viability, mTOR inhibition fully suppressed the tumor formation of HMLER cells with stabilized EMT. Among many processes driven by mTOR, phosphorylation of 4EBP1 that leads to translational initiation has been suggested to be critical in tumorigenesis (31, 54, 55) . HMLER cells with stabilized EMT showed increased 4EBP1 phosphorylation, and RapaLink-1, which blocked 4EBP1 phosphorylation, prevented tumor formation, suggesting key roles of mTOR and 4EBP1 phosphorylation in this stable phenotype.
Together, our results highlight the heterogeneity of the differentiation plasticity of carcinoma cells in response to signals provided by the tumor microenvironment. They also highlight the enhanced stem cell properties and resistance to anticancer drugs that accompany stabilized EMT, and not reversible EMT, and may be much more relevant in cancer progression than the mere loss of epithelial characteristics and acquisition of mesenchymal traits. The substantial contribution of mTOR signaling to the stabilized EMT phenotype invites approaches to inhibit mTOR signaling in combination with anticancer drugs as a treatment strategy to target breast CSCs and cancer progression.
MATERIALS AND METHODS
Cell culture and reagents NMuMG cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (Sigma-Aldrich), insulin (10 mg/ml; Sigma-Aldrich), penicillin (100 U/ml), and streptomycin (100 mg/ml). HMLE cells were from J. Yang [University of California, San Diego (UCSD)] and maintained in mammary epithelial cell growth medium (MEGM) (Lonza), as described (20) . To induce EMT, NMuMG cells were treated with TGF-b (1 ng/ml; R&D Systems), and HMLE cells were treated with TGF-b (2 ng/ml; R&D Systems), as indicated. SB431542 was from Sigma-Aldrich and was used at 5 mM. MK2206 and MLN0128 were from Selleck Chemicals and were used at 500 and 100 nM, respectively. RapaLink-1 was synthesized as described (32) and was used in cell culture at 5 nM. Doxorubicin and 4-hydroperoxycyclophosphamide were from Toronto Research Chemicals. Cisplatin and 5-fluorouracil were from Wako. Paclitaxel was from Bristol-Myers Squibb.
Immunofluorescence and cell imaging NMuMG cells and HMLE cells, cultured on glass slides, were fixed with 4% paraformaldehyde for 15 min, permeabilized in 0.2% Triton X-100 for 10 min, and blocked with 3% bovine serum albumin (BSA) in PBS for 2 hours at room temperature. The slides were incubated overnight at 4°C with anti-E-cadherin (catalog no. 610181, BD Biosciences) or anti-fibronectin (catalog no. F3648, Sigma-Aldrich) diluted 1:400 in PBS and 3% BSA, washed with PBS at room temperature, and incubated for 1 hour with Alexa Fluor-conjugated secondary antibody (1:1000; Thermo Fisher Scientific) or rhodamine-conjugated phalloidin (1:1000; catalog no. R415, Thermo Fisher Scientific) to visualize actin filaments. The slides were mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) to visualize nuclei. Immunofluorescence images were obtained with an inverted light microscope (DMI5000, Leica Microsystems), a laser scanning confocal microscope (SP5, Leica Microsystems), or All-in-One Fluorescence Microscope (BZ-X700, KEYENCE).
Immunoblot analyses
Cells were washed once with ice-cold PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, and protease inhibitor cocktail]. Cell debris was removed by centrifugation at 15,000 rpm for 10 min. Immunoblotting was performed as described (56) Quantitative real-time PCR measurements of mRNA Total RNA was extracted using RNeasy extraction kit (QIAGEN). Complementary DNAs (cDNAs) were generated using the one-step iScript cDNA Synthesis Kit (Bio-Rad) or PrimeScript2 reverse transcriptase (Takara Bio). Quantitative real-time PCR was performed with cDNA samples using iQ SYBR green supermix (Bio-Rad) or FastStart Universal SYBR Green Master Mix with ROX (Roche Diagnostics), and the signal was detected using CFX96 real-time PCR system (Bio-Rad) or StepOnePlus real-time PCR system (Thermo Fisher Scientific). Sequences of the primers used are listed in table S1.
Flow cytometry
Antibodies for the human CD24 (clone ML5) and human CD44 (clone G44-26) were purchased from BD Biosciences. Cells were dissociated into single cells and stained with antibodies to CD24 and CD44 in PBS. Flow cytometry analysis was performed using an LSR II (BD Biosciences) with BD FACSDiva software or Gallios flow cytometer (Beckman Coulter).
Mammosphere formation assay
Mammosphere formation assay was performed as described (22) . Cells were seeded in 12-well ultralow attachment plates at a density of 5000 cells per well in MEGM (Lonza) supplemented with B-27 supplement (Thermo Fisher Scientific), basic fibroblast growth factor (10 ng/ml), epidermal growth factor (20 ng/ml), and 1% methylcellulose. After incubating the cells for 6 days, the mammospheres were observed by phase-contrast microscopy and quantified. For secondary sphere formation, primary spheres were collected by centrifugation at 800g for 5 min, dissociated into single cells by trypsinization, and replated in ultralow attachment plates at 2000 cells per well.
Cell survival and proliferation assays HMLER cells were seeded at 2000 cells per well in 96-well plates. Twenty-four hours later, the cells were treated for 48 hours with doxorubicin, cisplatin, cyclophosphamide, 5-fluoruracil, or paclitaxel at the indicated concentrations. Cell viability was measured using Cell Count Reagent SF (Nacalai Tesque) according to the manufacturer's instruction. The reagent was added to the cells, and the cells were incubated at 37°C for 4 hours. Absorbance at 450 nm was measured with a Model 680 microplate reader (Bio-Rad), followed by subtraction of absorbance at 595 nm. For the cell survival and proliferation assay, HMLER cells were seeded at 10,000 cells per well in 24-well plates. Twenty-four hours later, the cells were incubated with anticancer drugs, TGF-b, or AKT-mTOR inhibitors for 48 hours. The cells were trypsinized, and the number of viable cells was counted.
Soft-agar colony formation assay Colony formation assay in soft agar was performed as described (56) . Cells were seeded at 2 × 10 4 cells per well in 0.3% agar and cultured for 2 weeks. The colonies were observed by phase-contrast microscopy and quantified.
In vivo tumorigenesis assays in mice All mouse experiments were performed in accordance with protocols approved by the University of California, San Francisco (UCSF) Institutional Animal Care and Use Committee or the Animal Care and Use Committee of the Graduate School of Medicine, The University of Tokyo. For experimental metastasis experiments, 5 × 10 5 HMLER cells were injected laterally into the tail vein of 7-to 12-week-old female NSG mice. Mice were euthanized at 8 weeks, and the lungs were harvested. Tissues were fixed overnight in 4% paraformaldehyde and embedded in paraffin. Sections were stained with H&E. Lung sections were analyzed using bright-field microscopy, and the number of tumor nodules in the lungs was determined on the basis of visual inspection.
For orthotopic xenograft experiments, 1 × 10 4 HMLER cells in 1:1 PBS/Matrigel were injected orthotopically into the fourth mammary fat pad. Primary tumor size was measured twice a week. Mice were euthanized, and the tumors were dissected when their sizes reached 1 cm in diameter. For orthotopic injections and treatment studies, 2 × 10 6 HMLER cells treated with TGF-b for 12 days were suspended in 1:1 PBS/Matrigel and injected into the fourth mammary fat pad of 7-to 12-week-old female NSG mice. Mice were treated with intraperitoneal injection of vehicle [20% DMSO, 40% PEG-300 (polyethylene glycol, molecular weight 300), and 40% PBS (v/v)] or RapaLink-1 [1.5 mg/kg in 20% DMSO, 40% PEG-300, and 40% PBS (v/v)], starting at day 8 after tumor implantation, every 5 days for 20 days, and then once a week for 2 weeks. Primary tumor size was measured twice a week. All the mice were euthanized at 6 weeks after tumor implantation, and the primary tumors were harvested, fixed in 4% paraformaldehyde, and embedded in paraffin. Sections were stained with H&E or were subjected to immunohistochemistry.
Protein content measurements
To measure protein content, cells were trypsinized, and the cell number was determined. The cells were lysed in RIPA buffer with protease inhibitors, and the protein concentrations were quantified using bicinchoninic acid protein assay (Thermo Fisher Scientific). The protein content was normalized to cell number.
Immunohistochemistry of mouse tissues
Formalin-fixed, paraffin-embedded sections were deparaffinized in xylene and rehydrated in graded alcohol. Antigen retrieval was performed using autoclave treatment (121°C for 15 min) in 10 mM sodium citrate (pH 6.0). Staining was performed using the VECTASTAIN Elite ABC Kit and 3,3′-diaminobenzidine Liquid System. The primary antibodies used in this study included rabbit anti-human phospho-AKT- 
Statistical analyses
Quantitative data are presented as means ± SEM from at least three independent experiments. Differences between groups were analyzed using one-way analysis of variance (ANOVA) (Tukey's test or Dunnett's test). Unpaired Student's t tests were used to compare the two groups. Values of P < 0.05 were considered significant.
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www.sciencesignaling.org/cgi/content/full/12/570/eaau8544/DC1 Fig. S1 . Neutralizing anti-TGF-b monoclonal antibody and SB431542 partially reverse the stabilized mesenchymal phenotype. Table S1 . Primer sequences used for quantitative real-time PCR.
